Poorly differentiated gastroenteropancreatic neuroendocrine carcinomas (GEPNECs) are a rare neoplasm with a bleak prognosis. Currently there are little prospective data available for optimal treatment. This review discusses the current available regimens and the future direction for the treatment of GEPNECs. Treatment plans for GEPNECs are often adapted from those devised for small cell lung cancer; however, differences in these malignancies exist, and GEPNECs require their own treatment paradigms. As such, current first-line treatment for GEPNECs is platinum-based chemotherapy with etoposide. Studies show that response rate and overall survival remain comparable between cisplatin and carboplatin versus etoposide and irinotecan; however, prognosis remains poor, and more efficacious therapy is needed to treat this malignancy. Additional first-line and second-line treatment options beyond platinum-based chemotherapy have also been investigated and may offer further treatment options, but again with suboptimal outcomes. Recent U.S. Food and Drug Administration approval of peptide receptor radionuclide therapy in low-and intermediate-grade neuroendocrine tumors may open the door for further research in its usefulness in GEPNECs. Additionally, the availability of checkpoint inhibitors lends promise to the treatment of GEPNECs. This review highlights the lack of large, prospective studies that focus on the treatment of GEPNECs. There is a need for randomized control trials to elucidate optimal treatment regimens specific to this malignancy. The Oncologist 2019;24:1-13 Implications for Practice: There are limited data available for the treatment of poorly differentiated gastroenteropancreatic neuroendocrine carcinomas (GEPNECs) because of the rarity of this malignancy. Much of the treatment regimens used in practice today come from research in small cell lung cancer. Given the poor prognosis of GEPNECs, it is necessary to have treatment paradigms specific to this malignancy. The aim of this literature review is to summarize the available firstand second-line GEPNEC therapy, outline future treatments, and highlight the vast gap in the literature.
INTRODUCTION
Neuroendocrine tumors (NETs) are varied solid tumor neoplasms that differ in pathophysiology and clinical presentation depending on the primary site of origin. Currently, NETs are classified into three subcategories depending mainly on morphological features and proliferation rate, which is determined by the mitotic count and Ki-67 index [1] [2] [3] .
According to the 2017 World Health Organization (WHO) classification of NETs, gastroenteropancreatic GEP NETs are classified as grade (G)1, G2, and G3. Grade is determined by both mitotic count and Ki-67 labeling index. G1 NETs have a mitotic count of <2 and/or Ki-67 index <3%. G2 NETs have a mitotic count 2-20 and/or Ki-67 index 3%-20%. G3 tumors have a mitotic count of >20 and/or Ki-67 index >20%. G3 tumors are high-grade neoplasms that were further divided under the 2017 WHO classification into well differentiated neuroendocrine tumors (WDNETs) or poorly differentiated neuroendocrine carcinomas (PDNECs) based on morphological appearance [4, 5] .
GEPNECs are rare malignancies. GEPNECs represent roughly 55% of all extrapulmonary high grade NETs, the majority being metastatic at the time of diagnosis [6] [7] [8] . GEPNECs generally do not respond to the standard treatments traditionally utilized in G1 and G2 NETs such as somatostatin analogs (SSAs), everolimus, sunitinib, and interferon [9, 10] .
Limited evidence supports treatment recommendations specific to GEPNECs, most likely secondary to the lack of sufficient patient numbers to conduct large phase II or III clinical trials.
Much of the information is derived from limited retrospective studies and scarce noncontrolled clinical trials [11] . However, small cell lung cancer (SCLC) and GEPNECs share similar histologic and clinical patterns and are often treated similarly. Both SCLC and GEPNECs have high Ki-67 indices, stain for neuron-specific enolase and chromogranin A, and have a similar clinical course [12] . Most treatment options for GEPNECs are based on therapy responses reported in SCLC studies. First-line treatment for GEPNECs consists of etoposide and platinum-based chemotherapy, but despite treatment, prognosis is bleak, with a median survival of 19 months [12] [13] [14] [15] [16] .
Although systemic platinum-based treatment is the standard of care in GEPNECs, there is a paucity of data about other first-line therapies. Additionally, limited data exist on appropriate second-line therapies for GEPNECs. Peptide receptor radionuclide therapy (PRRT) also shows promise as an alternative treatment paradigm for GEPNECs [17] [18] [19] . Immunotherapy has changed the treatment landscape in multiple tumor types, including non-small cell lung cancer (NSCLC), melanoma, and renal cell carcinoma, but it is not clear how this will translate to GEPNECs [20] .
The objective of this review is to evaluate first-and second-line chemotherapy regimens, as well as to explore the use of immunotherapy and PRRT in the treatment of GEPNECs.
FIRST-LINE CHEMOTHERAPY IN GEPNECS

Cisplatin/Carboplatin + Etoposide
Grounded in their recognized role in treating metastatic SCLC, cisplatin/carboplatin and etoposide have been used for decades in the treatment of GEPNECs [15, 16, [21] [22] [23] [24] [25] .
The effectiveness of cisplatin and etoposide in tumor regression and prolonged survival in SCLC led Moertel et al. (1991) to conduct the first study in examining this treatment protocol in G3 NETs [16] . In this study, 45 patients with metastatic NETs were treated with etoposide (130 mg/m 2 /day intravenously [IV] 3 days) and cisplatin (45 mg/m 2 /day IV on days 2 and 3). Of these patients, 67% of those with PDNECs had complete or partial regression, in contrast to only 7% of patients with WDNET. Toxicity was a major problem, as bone marrow suppression (100%), alopecia (100%), and gastrointestinal (GI) symptoms (96%) were common. Additionally, neuropathy occurred in 24% of patients, and 66% of patients experienced nephrotoxicity most likely secondary to the cisplatin exposure (Table 1 ). The high dose of etoposide (130 mg/m 2 ) may account for these negative side effects. At the time of the study, tissue was not routinely tested for Ki-67 index, nor were guidelines available on grading HGNETs. Regardless, this was the first study to show that PDNECs show better response than WDNETs to platinumbased chemotherapy.
Mitry et al. aimed to confirm results outlined by the Moertel et al. study [15, 26] . This group conducted a retrospective analysis of 53 patients, 41 with PDNECs and 12 with WDNETs, to determine the efficacy of treating NETs with etoposide (100 mg/m 2 /day IV for 3 days) and cisplatin (100 mg/m 2 IV on day 1) every 3 weeks. Among the 12 patients with WDNETs, only 9.1% achieved a partial response. Those with PDNECs achieved a response in 41.5% of cases (Table 1) . Although these results were not statistically significant (p = 0.09), the trend was in line with the results demonstrated by Moertel et al. Overall, this study provided further support for the use of cisplatin and etoposide in PDNECs. The side effects endured by patients in this study were similar to those experienced in the predecessor study; however, the peripheral neuropathy, bone marrow suppression, and GI dysfunction were less severe. The etoposide regimen was less than that used by Moertel et . This finding may be due to small sample size, and drawing significant conclusions may be difficult. Toxicity was found to be significant in this study, with 19 patients (53%) showing grade 1-2 nephrotoxicity, 23 patients (64%) developing grade 3-4 neutropenia, and 17% suffering from grade 1 and grade 2 peripheral neuropathy; however, many of these patients were pretreated with streptozotocin, which is known to be nephrotoxic. Additionally, Mitry et al. reported pointedly less kidney damage (6%), potentially owing to the infusion being given over a 2-hour period in contrast to continuous infusion. Nephrotoxicity was the most common dose-limiting factor in the study conducted by Fjallskog et al., leading to a dose reduction.
Although the aforementioned regimen has been considered the default for all GEPNECs, the literature demonstrates that response may be site specific. Iwasa et al. (2010) investigated the impact of cisplatin and etoposide on carcinoma arising from the hepatobiliary tract and pancreas [22] . This retrospective study examined 21 patients treated with this regimen (etoposide 100 mg/m 2 /day IV on days 1-3 and cisplatin 80 mg/m 2 IV on the first day every 3-4 weeks). This study found that 14% of patients had a partial response, the median progression-free survival (PFS) was 1.8 months, and the median overall survival (OS) was 5.8 months (Table 1) .
These are dismal results when compared with previous studies; Moertel and Mitry described partial or complete response in 67% and 41.5% of patients, respectively [15, 16] . The discrepancy in survival is most likely secondary to the primary site of the tumor. Moertel and Mitry reported on extrapulmonary G3 NETs; their study included not only hepatobiliary and pancreatic tumors (as in the study conducted by Iwasa et al.) but also GI, head and neck, and tracheal carcinomas. Hepatobiliary and pancreatic G3 NETs frequently metastasize to the liver, which is a well-recognized poor prognostic indicator [27] [28] [29] [30] . Eighty-one percent of patients in the study conducted by Iwasa et al. (2010) developed liver metastasis. Thus, the anatomic behavior of these hepatobiliary and pancreatic cancers may be partially responsible for the poor prognosis reported. Additionally, grade 3-4 neutropenia occurred in 90% of patients, followed by grade 3 nausea and anorexia in 33% and 24% of patients, respectively [22] . Taken together, these results demonstrate that perhaps cisplatin and etoposide have relatively low tumor activity in the pancreas and hepatobiliary tract, with a high incidence of negative side effects.
Patta conducted a retrospective analysis of eight patients with PDNECs of the colon and rectum treated with cisplatin and etoposide [23] . One patient had a complete response, whereas four had a partial response. This translates to a 62.5% response rate, which is similar to that reported by Moertel and colleagues [15, 16] . The response was short lived, however, with a median PFS of 4.5 months (range, 2-9 months) and a median OS of 9.5 months (range, 3.5 to 17 months; Table 1 ). An OS of 9.5 months is lower than the median OS reported by Moertel et al. and Mitry et al. (19 months and 15 months, respectively) . Unlike the response reported in the hepatobiliary tract and pancreas, PDNECs originating in the colon or rectum seem to respond well initially to cisplatin and etoposide; however, survival of this disease is <1 year according to the study by Patta and colleagues.
Cisplatin Versus Carboplatin: Which Platinum-Based Chemotherapy Should Be Used in GEPNECs?
A 2012 meta-analysis of four randomized controlled trials using cisplatin and carboplatin to treat SCLC showed no disparity in OS or PFS rates but different toxicity profiles: carboplatin was associated with more grade 3-4 hematologic toxicities, whereas cisplatin-based therapies exhibited more nonhematological toxicities of any grade [31] . demonstrated that patients with SCLC responded well to the combination of carboplatin, etoposide, and paclitaxel, and, given the side effect burden associated with cisplatin and etoposide, this research group aimed to reduce toxicity and improve outcomes by extrapolating these results to the treatment of PDNECs [32] [33] [34] . In a multicenter phase II trial, 78 patients with metastatic PDNECs without previous treatment received four cycles of carboplatin, etoposide, and paclitaxel every 3 weeks. Paclitaxel was given for three additional cycles to patients who demonstrated a response or had stable disease. A response rate of 53% and a median PFS of 7.5 months were achieved [32] . Toxicities were high, with 82% of patients experiencing grade 3 or 4 neutropenia, and 4% of patients died secondary to neutropenic sepsis ( Table 2) . Although this study did not directly compare platinum-based chemotherapy, the similarity in efficacy but difference in toxicity profile between carboplatin and cisplatin can be inferred when comparing the results of this study with the cisplatin-based studies cited above.
A retrospective study in 2011 contrasted platinum-based chemotherapy to elucidate differences in efficacy and toxicities [25] . Deutschbein et al. (2011) examined the effect of two treatment regimens on 20 patients with PDNECs and those with aggressive disease (defined by a Ki-67 index 10%-20% and relative tumor progression within 3 months). Of the 20 patients, 8 received carboplatin, etoposide, and paclitaxel, and 12 patients received cisplatin and etoposide. No statistically significant results were found between regimens with respect to complete response (0% vs. 0%, respectively), partial response (17% vs. 17%), stable disease (50% vs. 42%), progressive disease (33% vs. 42%), and median PFS (6.7 vs. 6.3 months; Table 2 ). Initially, eight patients were assigned to receive the carboplatin-containing regimen; however, three had their treatment terminated prematurely, and two patients terminated prior to the completion of the first course. This result contrasts with cisplatin and etoposide arm, in which none of the 12 patients stopped the treatment because of side effects.
The results of this study support those of Mitry et al. that showed relatively decent tolerability of cisplatin and etoposide [15] . Conversely, Moertel and colleagues (1991) demonstrated severe intolerable side effects in their study examining the use of cisplatin and etoposide, mainly consisting of bone marrow suppression and GI distress [16] . [32] ; however, side effects were severe as evident by the increased mortality rate secondary to sepsis. Deutschbein and colleagues concluded that the response rate is similar between regimens; however, the combination of cisplatin and etoposide may have a more tolerable side effect profile.
Lastly, Sorbye et al. indicate no difference in efficacy between platinum-based chemotherapy regimens [35] . In their retrospective analysis of epidemiological, tumor, and treatment data of 305 patients treated in Nordic hospitals in 2000-2009, cisplatin/etoposide (n = 129), carboplatin/etoposide (n = 67), and carboplatin/etoposide/vincristine (n = 28) were used as first-line chemotherapy and showed comparable effectiveness in response rates, PFS, and survival.
Taken together, these studies support the use of either carboplatin or cisplatin; however, the choice between therapies should be grounded in the toxicity profile.
Is Irinotecan as Effective as Etoposide in GEPNECs?
Although cisplatin and etoposide have been commonly adopted throughout the world, in Japan, the combination of irinotecan and cisplatin is used to treat SCLC and GEPNECs [24] . A Japanese study found that cisplatin and irinotecan were more effective than cisplatin and etoposide in treating SCLC. This prospective, phase II trial conducted by Noda et al. reported a median OS of 12.8 months and 9.4 months for cisplatin/irinotecan and cisplatin/etoposide, respectively (p = 0.002). The cisplatin/etoposide group experienced more myelosuppression than the cisplatin/irinotecan group, whereas the cisplatin/irinotecan group had more frequent diarrhea than the cisplatin/etoposide group [36] . These survival results, however, have not been duplicated. Hanna et al. conducted a phase III clinical trial and found no significant difference in OS between the cisplatin/irinotecan group and the cisplatin/etoposide group (9.3 months vs. 10.2 months, respectively; p = 0.74) or PFS (4.1 vs. 4.6 months, respectively; p = 0.37) [37] . Patients receiving cisplatin/irinotecan had less grade 3-4 myelosuppression and febrile neutropenia than patients receiving cisplatin/etoposide but more diarrhea and vomiting than patients receiving cisplatin/etoposide. A phase III clinical trial by Lara et al. examined 651 North American patients and randomly assigned them to receive cisplatin/irinotecan or cisplatin/etoposide; this study also failed to duplicate the survival results reported by Noda et al. [36, 38] . Lara et al. reported a median PFS in patients treated with cisplatin/irinotecan or with cisplatin/etoposide of 5.8 and 5.2 months, respectively (p = .07) and a median OS for the cisplatin/irinotecan and cisplatin/etoposide treatment groups of 9.9 and 9.1 months, respectively (p = .71). Although the Lara et al. and Noda et al. studies share the same research design, the populations in which the studies were conducted were racially and geographically different.
Building on the aforementioned SCLC studies, the use of irinotecan to treat GEPNECs has been investigated. Yamaguchi et al. conducted a multicenter, retrospective study in 258 patients to determine the effectiveness of cisplatin/irinotecan versus cisplatin/etoposide as first-line chemotherapy in unresectable or recurrent GEPNECs [24] . Patients treated with cisplatin/irinotecan had a better response rate than patients treated with cisplatin/etoposide (50% vs. 28%, respectively; p < .001). The cisplatin/irinotecan and cisplatin/ etoposide treatment groups had a median OS of 13 months [39] . This phase II study included 18 patients with metastatic neuroendocrine tumors treated with irinotecan and cisplatin. Four patients had PDNECs; among these patients, one partial response was achieved. No responses were observed in patients with WDNETs. The low power of this study makes extrapolating the results to make general comments about the regimen difficult. Additionally, RR and OS were reported as one number for the study population (Table 3) . A subset analysis of regimen response in PDNECs would have been beneficial. Last, in this paper, PDNECs were classified as having more than two mitoses per high-powered field, which is generally classified as being a G2 NET or G3 WDNET [1]. Including less-aggressive tumors may have skewed the results of this study, as lower grade tumors traditionally respond poorly to chemotherapy. Despite these limitations, additional smaller, retrospective studies have validated the substitution of irinotecan for etoposide and demonstrated equivalence in efficacy when compared with data in the literature (Table 3) [ [40] [41] [42] [43] [44] .
Concomitantly, it appears that irinotecan and cisplatin may be considered for patients with GEPNECs, even though the PFS and OS are of short duration.
These studies indicate that the toxicity profile of irinotecan appears to include less grade 4 toxicities than etoposide with no treatment-induced deaths, and these considerations may play a role in choosing irinotecan over etoposide.
Further phase II prospective studies are needed to make appropriate treatment recommendations.
Alternative First-Line Treatments
Recently, focus has shifted to the oral alkylating agent temozolomide as a single or combination therapy [45] [46] [47] [48] [49] . Several studies have demonstrated the effectiveness of capecitabine and temozolomide (CAPTEM) in WDNETs; in fact, this therapy has shown a response rate of up to 70% in G1 and G2 tumors [50] [51] [52] . Data supporting the use of this chemotherapy regimen in patients with GEPNECs are deficient.
Our group conducted a retrospective study examining all patients with NETs who received at least one cycle of CAPTEM [53] . Although only 17% had a Ki-67 index >20%, this study found that 20% of those patients demonstrated a partial response to CAPTEM and 20% had stability of disease (Table 4) . Additionally, CAPTEM was also well tolerated in this study, with the majority of toxicities being grade 1 or 2 (Table 4) . This study included a small number of G3 NETs patients and was retrospective in design, and a majority of the participants had undergone previous treatment. Nevertheless, these data indicate that CAPTEM may be beneficial for G3 NETs treatment and call for larger, prospective studies to be implemented. In fact, Eads and colleagues are currently conducting the first prospective study to investigate the use of CAPTEM or platinum and etoposide therapy in the treatment of GEPNECs (ClinicalTrials.gov identifier: NCT02595424) [54] . Results from this study will address gaps in the current literature [55] . The use of capecitabine and oxaliplatin (XELOX) as firstline therapy for patients with G3 NETs has also been investigated. Bajetta et al. conducted a phase II study in which 40 patients with NETs received oxaliplatin and capecitabine [56] . Of the 13 patients with PDNECs in this study, 3 patients (23%) demonstrated a partial response, 1 patient had stabilization of disease (7%), and 9 patients (70%) had disease progression. The median OS was 5 months, and the median PFS was 4 months ( Table 4) . As previously discussed, WDNETs have a worse response to chemotherapy than PDNECs. In this study, however, WDNETs showed promising results, with a median OS of 40 months and a median PFS of 20 months. As such, the data suggest that an oxaliplatin and capecitabine regimen may be considered as first-line therapy for WDNETs. Conversely, this study suggests oxaliplatin and capecitabine should not be used as an alternative to conventional cisplatin/-carboplatin-based therapy for patients with PDNECs. These results conflict with the known chemosensitivity to cisplatin, indicating that PDNECs may have specific characteristics, making them insensitive to certain platinum-based chemotherapies such as oxaliplatin but not to cisplatin or carboplatin.
Ferrarotto and colleagues also examined the use of XELOX in NETs, regardless of grade [56, 57] . Of the 24 patients, 9 patients had PDNECs. Of these, six patients received capecitabine and oxaliplatin as first-line therapy, and three received the drug combination as at least second-line therapy. Partial response was achieved in two patients, and two more patients had at least a 25% shrinkage in tumor (Table 4 ). The literature reports wide variation in survival between cisplatin and etoposide, from 14%-67% [16, 46] . The results reported by Ferrarotto and colleagues are within this range, indicating that capecitabine and oxaliplatin may be a viable alternative therapy option after all. The studies by both Bajetta et al. (2007) and Ferrarotto et al. (2013) are limited by the small number of patients with PDNECs included in their cohort (n = 13 and n = 9, respectively). Further prospective studies are needed to examine the effect of XELOX as an alternative treatment for PDNECs.
Although chemotherapy is not generally considered firstline therapy for patients with WDNETs, streptozocin and 5-fluorouracil (5-FU) or doxorubicin have shown promising results as first-line therapy or in disease progression while patients are taking SSA [26, [58] [59] [60] [61] . The use of this regimen in GEPNECs has been controversial because of the mixed responses [26, 62, 63] . Kouvaraki et al. (2004) examined the combination of fluorouracil, doxorubicin, and streptozocin in 84 patients with pancreatic G3 NETs [27] . This study found that the metastatic burden in the liver is the most vital predictor of patient outcome; greater than 75% disease burden was associated with a worse PFS and OS (Table 4 ). This finding has been shown in several other studies, highlighting the importance of maintaining a disease-free state in the liver [64] [65] [66] . Toxicity profile was low, with GI issues and myelosuppression being the most common reported side effects. These side effects, however, did not significantly compromise treatment course [27] . For patients who cannot be surgically resected because of metastatic disease or local extension, 5FU/doxorubicin/streptozocin may offer a promising regimen. Again, further research of this treatment is necessary.
Finally, Du et al. (2013) conducted a retrospective review of 11 patients with GEPNECs who received the combination of 5-FU, leucovorin, and irinotecan (FOLFIRI) as first-line therapy [67] . This regimen yielded partial responses in seven patients with a median PFS of 6.5 months and a median OS of 13 months. FOLFIRI could be considered in the first-line treatment of GEPNECs for those patients not felt to be a candidate for platinum.
SECOND-LINE CHEMOTHERAPY IN GEPNECS
An established second-line chemotherapy regimen does not currently exist for GEPNECs. Sorbye et al. (2012) noted in the NORDIC NEC study that of 100 patients who received second-line therapy, 51% achieved disease stabilization [35] . This suggests that many patients with GEPNECs would benefit from subsequent lines of chemotherapy. Topoisomerase 1 inhibitors have shown promising results in SCLC and are currently the second-line therapy of choice for this malignancy [68, 69] . Hentic et al. (2012) conducted the first series to suggest the effectiveness and tolerability of FOLFIRI as a second-line therapy in PDNECs [70] . This retrospective, single-institution study examined the use of FOLFIRI in 19 patients with PDNECs who failed platinum plus etoposide in first-line treatment. The median OS was greater in patients who received FOLFIRI, compared with patients who failed first-line therapy but were considered ineligible for FOLFIRI (18 vs. 6.8 months). The PFS was 4 months (Table 5 ). More than half of the patients in this series were not eligible for secondline treatment with FOLFIRI, secondary to debility or major liver involvement. Irinotecan is metabolically active in the liver; thus, liver dysfunction is a limitation to this therapy [71] .
To further evaluate the efficacy of oxaliplatin-based therapy, Hadoux et al. (2015) retrospectively examined 5-FU and oxaliplatin (FOLFOX) as second-line therapy in 20 patients with PDNECs [72] . Of those who received therapy, 29% had partial response, 35% had stable disease, and 35% experienced disease progression. Median PFS was 4.5 months, and the median OS was 9.9 months ( Table 5) . As do the results by Bajetta et al. (2007; discussed above), this study advocates for the use of an oxaliplatin-based therapy as secondline treatment in patients with PDNECs [56] .
Promising results using temozolomide-based chemotherapy have been published. Welin et al. published the first study examining the effect of temozolomide with CAPTEM or temozolomide alone as second-line therapy in patients with PDNECs [73] . All 25 patients had PDNECs (17 were GEPNEC in origin) that had progressed on platinum-based first-line treatment. In a subset of seven patients, bevacizumab was added to the treatment regimen. Median PFS was 6 months, median OS was 22 months, and 71% of patients achieved response or stabilization of disease after progression on firstline therapy (Table 5 ). The benefit of adding capecitabine or bevacizumab to temozolomide was not proven in this study. Of interest, Welin et al. showed that patients with a Ki-67 index <60%, with strong uptake of somatostatin receptors and positive staining for chromogranin A, showed more response to temozolomide. However, the small sample size of this study prevents any strong conclusions to be drawn regarding foretelling factors for temozolomide sensitivity. Last, silencing of MGMT (O6 methylguanine-DNA methyltransferase), a DNA repair gene, has been shown to be a predictor of treatment success with temozolomide in brain glioblastoma [74] . The lack of expression predicts a greater response to temozolomide. Interestingly, in the present study, only one patient displayed methylation of the MGMT gene, potentially highlighting the lack of predictive value this test holds for PDNEC specifically. In contrast, a study by Olsen et al. that looked at the effect of temozolomide alone after progression on a platinum-containing chemotherapy regimen in 28 patients with G3 NETs found no objective response to treatment [75] . This study found that patients with a Ki-67 index ≥50% had a shorter median OS compared with patients with a Ki-67 index <50% (2.7 months vs. 10.9 months; p < .0001; Table 5 ). These findings lend further support to the heterogeneity of G3 NETs and indicate that focus should be placed on the use of temozolomide in patients with a Ki-67 index <50%. Olsen et al. did not include WDNETs and Welin et al. did not differentiate G3 NETs based on morphology. Some participants in the Welin et al. study likely had WDNETs, which may account for the increased response to temozolomide. Ultimately, conflicting results in temozolomide-based chemotherapy highlight the need for further prospective research using a greater number of patients.
IMMUNOTHERAPY IN GEPNECS
Although systemic platinum-based therapy remains the mainstay for first-line treatment in GEPNECs, limited data exist on appropriate second-line therapy for these rare tumors. The use of immunotherapy has shown benefit in multiple malignancies [20] . Currently, the use of immunotherapy is recommended as second-line therapy for SCLC; however, limited studies have evaluated the use of immunotherapy in GEPNECs.
The CheckMate 032 trial demonstrated the efficacy of both monotherapy with a PD-1 inhibitor (nivolumab, 10% response rate) and a combination of PD-1 and CTLA-4 inhibitor (nivolumab and ipilimumab, 19% response rate) in SCLC [76] . As a result, the National Comprehensive Cancer Network now recommends nivolumab and ipilimumab as an option for second-line treatment for SCLC [77] . Multiple studies are currently underway to examine the effect of immunotherapy as first-line (ClinicalTrials.gov identifiers: NCT02763579, NCT02046733), second-line (ClinicalTrials.gov identifiers: NCT02701400, NCT02734004, NCT02551432, NCT02628067, NCT02481830), and maintenance therapy (ClinicalTrials.gov identifier: NCT02538666) in SCLC [78] [79] [80] [81] [82] [83] [84] [85] .
Trials are currently underway to investigate the use of a PD-1 inhibitor (pembrolizumab) in patients with G3 NETs who have previously failed first-line therapy (NCT02939651, NCT03190213, NCT03136055) [86] [87] [88] . Also, in a design similar to CheckMate 032, patients are being recruited for a study using nivolumab and ipilimumab in the treatment of rare tumors, including GEPNECs (NCT02834013) [89] . The combination of checkpoint inhibitors with chemotherapy may also be of benefit, as demonstrated in the recent press release noting that interim results from IMpower 133 show an improvement in OS and PFS in patients with extensive-stage SCLC [90] . Given that SCLC has shown promising responses to immunotherapy, patients with GEPNECs may benefit from this therapy. Further research is necessary to elucidate the role that immunotherapy plays in the treatment of neuroendocrine tumors. In addition to targeting PD-L1 and PD-1 for treatment, PD-L1 expression may serve as an indicator for prognosis and treatment response in GEPNECs. The association between PD-L1 expression and overall survival was demonstrated in KEY-NOTE 010, a study that evaluated the effect of pembrolizumab in patients with NSCLC. Patients with a PD-L1 expression >50% did better with pembrolizumab at 2 mg/kg (median OS 14.9 vs. 8.2 months; p = .0002) and 10 mg/kg (median OS 17.3 vs. 8.2 months; p < .0001) than patients with a PD-L1 expression <50% [91] . Mixed findings have been reported in SCLC. Miao et al. (2016) demonstrated that the expression of PD-L1 was correlated with limited disease and may indicate better OS in SCLC, compared with patients having PD-L1-negative tumors (17.0 vs. 9.0 months; p = .018) [92] . Contrary to these findings, CheckMate 032 noted no association between PD-L1 expression and response rate in patients with SCLC receiving immunotherapy [76] .
The role of PD-L1 as a prognostic indicator in GEPNECs is also uncertain. Recent studies have shown that high grade tumors express increased levels of PD-L1 on their tumor surface and within their microenvironment [93, 94] . A singleinstitution, retrospective analysis was conducted in 32 patients to determine impact of PD-L1 expression on survival and response rate in G3 NETs. This study found that a PD-L1 positive tumors were associated with a higher tumor grade (p = 0.008), a significant decrease in OS (16 vs. 24.8 months; p = .037), and a significantly increased response to first-line therapy (75% vs. 11.8%; p = .02) [93] . These results are in line with previous studies showing that patients with PDNECs respond better to first-line chemotherapy than patients with WDNETs [3, 35, 95, 96] . The results suggest that the hyperproliferative and aggressive features of PDNECs may be due to aberrant expression of PD-L1, which increases immune system invasion. Although associated with decreased survival, high expression of PD-L1 may serve as a potential target for immunotherapies in the treatment of GEPNECs. Anecdotal cases do exist indicating potential benefit, but these promising results highlight the need for further studies to determine the effect of PD-L1 as a predictor of prognosis and treatment response in GEPNECs, specifically.
There are also data to suggest that tumors with microsatellite instability-high (MSI-H) and deficient DNA mismatch repair (dMMR) are more responsive to PD-1 inhibitors. Several clinical trials (KEYNOTE016, KEYNOTE 158, KEYNOTE 164) have confirmed the benefit of pembrolizumab for the treatment of MSI-H and dMMR tumors that have progressed on first-line therapy [97] . As such, patients with GEPNECs who have failed first-line therapy should consider microsatellite instability testing to determine the utility of pembrolizumab in their treatment plan.
PRRT IN GEPNECS
In recent years, promising results have been generated by using radionuclide therapy with SSAs, or PRRT, in patients with NETs. PRRT works by radiopeptides, most commonly lutetium-177 ( 177 Lu), dotatate, yttrium-90 ( 90 Y), or indium-111 ( 111 In) connected to an SSA, binding to overexpressed somatostatin receptors in WDNETs. This molecule is then internalized to deliver direct intercellular radiotherapy [2] . Normal cells express significantly less somatostatin receptors compared with malignant cells; thus, PRRT has little effect on healthy tissues. The more somatostatin receptors a tumor cell expresses, the more successful PRRT will be. As such, somatostatin scintigraphy and gallium-68 positron emission tomography and computed tomography have been used to predict the effectiveness of this therapy in individuals with NETs [98] .
PRRT is better tolerated when paralleled to chemotherapy [19] . In a recent study evaluating 504 patients with NETs, 177 Lu produced digestive side effects in 25% of patients and hematologic side effects in 3.6%. Serious adverse effects, including myelodysplastic syndrome, acute leukemia, and liver toxicity, occurred in roughly 1% of patients [99] .
Recently, the U.S. Food and Drug Administration (FDA) approved 177 Lu in the treatment of somatostatin receptor positive GEPNETs, making it the first FDA-approved PRRT in the U.S. The approval of this therapy is based on the NETTER-1 trial, a phase III study that contrasted treatment with 177 Lu plus octreotide long-acting repeatable (LAR) 30 mg every 4 weeks with 60 mg of octreotide LAR alone every 4 weeks in patients with midgut WDNETs who expressed high amounts of somatostatin receptors. This study demonstrated that 177 Lu led to a 79% reduction in risk of disease progression or death compared with the 60 mg octreotide LAR arm (p < .0001). The RR was 13% for patients who received 177 Lu plus octreotide LAR 30 mg and 4% in the octreotide LAR 60 mg group (p < .0148) [100] .
To date, however, no prospective research studies are assessing the impact of PRRT on GEPNECs. Thus, PRRT is not currently recommended for GEPNECs, and chemotherapy remains the mainstay therapy.
Two case reports and one retrospective study, however, investigated the utility of PRRT in G3 NETs [17] [18] [19] . Garske et al. (2012) discussed a patient with an PDNEC of unknown primary with liver metastasis who had a successful response to PRRT after progression of disease on two chemotherapies [17] . Interestingly, the patient had a high uptake on somatostatin scintigraphy, despite Ki-67 proliferation rates that ranged from 10% to 50% on liver metastases (Table 7) . Previous research groups have demonstrated this inverse relationship between proliferation rate and expression of somatostatin receptors [101] [102] [103] . In fact, NET guidelines state that somatostatin receptors are commonly negative in PDNEC [104] . Contrarily, studies have found somatostatin receptor scintigraphy (SRS) to be positive in high numbers of patients with PDNECs [73] . For example, Welin et al. found that 62% of patients with PDNECs had a positive SRS, and Binderup et al. reported that 69% of patients with PDNECs were SRS positive at their original visit [73, 105] . As such, it has been argued that the lack of somatostatin receptor expression in GEPNECs may not completely account for the reported ineffectiveness of PRRT in this subgroup [18] . Ezziddin et al. (2011) conducted a retrospective review of 81 patients with GEPNET (7 of whom had GEPNECs) who were treated with adequate somatostatin receptor expression and treated with PRRT. In the patients with a Ki-67 index ≤20%, 55% demonstrated a partial or minor response, 34% showed stable disease, and 11% had progression of disease. In the seven patients with a Ki-67 index >20%, significant progression was demonstrated in 71.4% despite having satisfactory receptor expression to initiate therapy (Table 7) . Although patients with GEPNECs were a small percentage of the study population (n = 7; 8.6%), this study provides further evidence that another unknown mechanism besides receptor expressivity may account for the ineffectiveness of PRRT in GEPNECs.
It has been proposed that cellular differentiation and proliferation index may play a role in predicting the effectiveness of PRRT in patients with GEPNECs. G3 NETs have proven to be a heterogeneous group that should be categorized based on morphology and proliferation index because of their varying degrees of treatment response [3, 35, 95, 96, 106] . When comparing subcategories of G3 NETs, based on morphology Vélayoudom-Céphise et al. found that 88% of WDNETs had positive somatostatin receptor imaging (vs. 50% in PDNECs), perhaps indicating that the presence of these receptors, rather than a cutoff of Ki-67 > 20%, is more indicative of PRRT response [3] .
A 2017 case report describes the use of PRRT in a patient with a pancreatic NET with liver metastasis who experienced complete remission for more than 3 years after the initiation of therapy [19] . Interestingly, the subject had a mitotic count that was low (classified as a G2 NET) but a high Ki-67 index of 45%-70%. The authors of this paper concluded that PRRT may be recommended for proliferative-discordant G3 NETs before conventional treatment, whereas chemotherapy may be initiated first in proliferative-concordant PDNECs. As such, more attention needs to be placed on the discordance between proliferative markers, as discordance may predict a more favorable prognosis and a positive response to PRRT therapy.
In summary, high proliferation rate alone should not exclude the use of PRRT. Rather, somatostatin receptor expression, discordance between proliferative markers, and morphologic analysis should be considered when recommending the use of PRRT. Further research in the form of randomized controlled trials and prospective studies is required to assess the effect of PRRT versus chemotherapy in G3 NETs with discordant proliferative markers in which malignant cells display significant somatostatin receptors. Future researchers may also wish to focus on how tumors with a Ki-67 index >20% but a varying degree of cell differentiation on histology respond to PRRT. Although the need for specific (and arguably new) treatment protocols for GEPNECs is obvious, the solution is far from obvious. A main limitation in the progression of research and development is the small number of patients included in each study. Currently, no large randomized controlled trials are examining various treatment modalities because of the rarity of this neoplasm.
CONCLUSION
Current first-line GEPNECs therapy is platinum-based chemotherapy with etoposide. Responses and survival remain the same between cisplatin and carboplatin; however, the side effect profiles are different. Second-line therapies are urgently needed for GEPNECs. FOLFIRI and FOLFOX have shown promising results. When determining the usefulness of PRRT in GEPNECs, focus should be placed on somatostatin receptor expression, discordance between proliferative markers, and morphologic analysis rather than merely on proliferation index. Immunotherapy with or without chemotherapy or PRRT may also play a role; however, studies are needed for this often aggressive and universally fatal disease.
Overall, the limited data from small, nonrandomized studies make it difficult to draw definite conclusions. Larger prospective studies and, ideally, randomized controlled trials are necessary to enhance and expand the current data. This will allow for the establishment of accurate GEPNECs categorization and ultimately optimal treatment regimens.
